Abstract-We consider the data detection in a multiple-input multiple-output (MIMO) broadcasting system where the source simultaneously transmits multiple data streams to single-antenna receivers. To detect multiple data streams, conventional MIMO techniques require the receivers to have multiple receive antennas, the number of which is greater than or equal to the number of transmit antennas. However, user cooperation can be applied to combat this limitation. In this paper, we propose a user decode-and-forward (DF) cooperation scheme and the corresponding detection method. The transmission consists of two phases: source broadcasting and the user cooperation. During the user cooperation phase, a selected leader in the cooperation group collects the detections from the other users. The leader then obtains its final detection by using maximum likelihood (ML) criteria and broadcasts the results to all the other users in the cooperation group. Through simulations we show that the average symbol error performance of the proposed cooperation scheme are affected by several factors including the cooperation group size, the number of users activated for transmission and the length of the cooperation phase. With moderately large group size, the proposed system can potentially outperform the conventional system whose number of receive antennas are equal to the number of transmit antennas.
I. INTRODUCTION
The MIMO communication system has been intensely studied in recent years due to its tremendous improvement in data rate and capacity [1] , [2] . The widely studied architectures in MIMO include space-time-coding (STC) and MIMO with spatial-multiplexing (SM). In MIMO with STC, the reliability of the communication system is improved by designing codes to exploit the spatial and temporal domains [3] - [6] . In MIMO with SM, high data rate can be provided by transmitting independent data streams simultaneously on multiple antennas. With multiple antennas in the MIMO system, the data detection is complicated and various linear or non-linear detectors have been widely studied [7] - [10] . It is commonly practiced in the existing studies to assume that the number of receive antennas is equal to or more than the number of transmit antennas. The general conception is that, when the receive antennas is fewer than the transmit antennas, the data detection is not feasible. However, in a practical mobile communication system, mobile users often have fewer antennas then the base station (BS) does, and thus the aforementioned decoders cannot be directly applied.
Recent research works [11] - [13] attempt to combat the problem of insufficient user antennas in the MIMO system and increase the capacity. The technique is to exploit the cooperation diversity [14] , where each user shares its antenna with other partners to transmit and decode the data. In more recent research, the distributed coding and decoding techniques via cooperation are proposed and analyzed [15] , [16] , [17] . These studies consider the frameworks where cooperative nodes do not decode the data but simply amplify and forward the data. The works assume that the full channel state information (CSI) can be shared among the cooperative nodes with the aid of the cooperation channels. However, the feedback error through the cooperation channels may degrade the system performance.
In this paper, we consider the user cooperative data detection in a MIMO broadcasting system. Particularly we focus on a non-coded SM system where the base station are equipped with multiple antennas and each user has a single antenna. The system is similar to that in [16] , without the cooperation channels for the users to exchange their CSIs. In other words, the users have no knowledge of the channels which are not linked to themselves. In our assumed settings, the practicality of the system is improved since the exchange and storage of CSIs among users impose extra burden to an individual user when the system has a large number of users. We provide a transmission structure for user cooperation in such a system and the structure can be extended to systems with multipleantenna users and systems with coding.
In the proposed structure, a transmission frame is divided into two phases, i.e., the source broadcasting phase and the user cooperation phase. After receiving the signal from the source broadcasting phase, the users obtain their initial detections and enter the cooperation phase. The cooperation phase is divided into two parts. During the first part of the cooperation phase, the users transmit their detections to a leader and the leader updates its detection. In the second part of the cooperation phase, the leader broadcasts the results to the users. We evaluate the proposed scheme using the average symbol error rate (SER) of an individual user. Simulation results show that the proposed scheme, under sufficient cooperative users, outperforms non-cooperative systems with multiple receive antennas. 
T is the channel matrix between the source and the K users.
This paper is organized as follows. Section II introduces the data broadcasting system model with a multiple-antenna source. Section III proposes a user cooperation scheme in temporally divided transmission and the corresponding signal detection. Section IV demonstrates the simulated SER performance of the proposed scheme. Section V concludes this work.
Notations: Vectors are written as boldface lower-case letters and matrices as boldface capitals. Sets are written in italic capitals. C represents the complex number set and N represents the positive integer set. The operation (·)
T represents the matrix transpose. The expression diag(·) is the operator that forms a diagonal matrix from its vector argument.
II. SYSTEM MODEL
We consider a broadcasting system shown in Fig. 1 . The source is equipped with N T antennas and each user is equipped with a single antenna. We assume that each user has full receive channel state information (CSI) on itself but has no knowledge on the other users' CSI. The transmission is divided into two phases: the source broadcasting phase and the user cooperation phase. In the source broadcasting phase, the source node broadcasts simultaneously its N T data streams to the K users. We assume that there is no coding applied at the source. The received signal at the ith user can be expressed as
where h i ∈ C 1×NT is the channel vector of the ith user, whose elements are modeled as independently and identically distributed (i.i.d.) complex Gaussian random variables with zero mean and variance σ 2 h . The quantity P S is the transmit power constraint of each transmit antenna at the source. The vector x ∈ S NT ×1 is the data symbol vector of the source and the set S denotes the modulation constellation set with cardinality of M . The average symbol energy of the symbols in S is normalized to unity. The quantity n i ∈ C is the additive white Gaussian noise (AWGN) of the ith user with zero mean and variance σ In the user cooperation phase, each user forward the received signal with proper power scaling to the other users or attempts to obtain an initial detection of the source data and then forwards the detection. The former forwarding scheme is often called amplify-and-forward (AF), while the latter scheme is referred to as the decode-and-forward (DF). In the following, we consider DF users in our proposed scheme. The ith user obtains its initial detection by applying the ML criteria on eq. 1, which giveš
It is noted that eq. 2 can be obtained via exhaustive search (brute force ML) or via some reduced complexity ML detections for rank deficient MIMO systems. The detection error of the ith user in this phase can be expressed as
The result of eq. 2 is a rough detection with high error probability due to severe interference among the data streams. The interference can not be resolved with the mere use of ML criteria on eq. 1. However, the rough detections can be forwarded to a pre-selected leader l and refine its detection. The leader then can broadcast the refined detection to the users. Detailed cooperation phase is described in the following section.
III. PROPOSED USER COOPERATION: TIME DIVISION TRANSMISSION In this section, we propose a time division cooperation scheme as shown in Fig. 2 . The corresponding data detection is also derived. After receiving the signals at the end of the source broadcasting phase, the users form a cooperation group and randomly select one leader from the group member. Then the user cooperation phase is divided into (1 + B)N T time slots, where the parameter B ∈ N is choosen based on the retransmission scheme applied at the leader. In the first N T time slots, the users transmits the detections of the source data to the leader. The leader receives the signals and redetects the source data. In the remaining BN T time slots, the leader broadcasts its re-detection to all the other users. In the following, we denote the channel from the ith user to the leader as g il and assume that it remains constant during each N T time slots of the cooperation phase.
For each data symbol x j , the L active users are selected from the cooperation group in time slot j and the selected users transmit the corresponding detections. The selection algorithm can be based on the reliability of individual data symbols or the overall data symbol vector. In our scheme, we choose the users with the L largest channel gain h i,j for the data x j into the cooperation. The D j denotes the index set of the users that are activated for forwarding the detections of x j . The transmitted symbol of ith user at the jth time slot of the cooperation phase can be written as
where θ il = ∠g il is the phase of the channel between the ith user and the leader. The quantity P i is the transmit power constraint at the ith user. The symbolx j,i is the initial detection of jth data symbol at the ith user. The symbol vector forwarded from the ith user to the leader l is f (
. It is to note that, when we have L = K − 1, all the users are activated to forward their initial detections to the leader, except for the leader itself. This setting simplifies the required cooperation protocols since no further signaling is required for indicating the active users. A user transmits its detection as long as it is not selected as the leader.
The received signal at the leader node at time slot j of the cooperation phase can be expressed as
where l is the index of the leader and the quantity w j is the AWGN of the leader at time slot j with zero mean and variance σ 2 w . At the end of the first N T time slots, the leader has
T . Together with the leader's received signal at the source broadcasting phase, we rewrite the received signals in the vector form as
where
is the effective gain matrix of the received signal at the first N T time slots in the cooperation phase. The diagonal elements g j may be represented as
The vector n ∈ C NT ×1 represents the equivalent noise components, which consists of the detection error of the cooperation users and the thermal noise at the leader. With eq. 3, eq. 4 and eq. 5, the jth element of n can be expressed as
With eq. 6, the leader may obtain its re-detection of the source data with the ML criteriâ
The detection error of the leader can be expressed as
After obtaining the re-detection, the leader broadcasts its resultx l = [x 1,lx2,l · · ·x NT ,l ] to all the other users in the remaining BN T time slots. The leader may apply different coding technique on its re-detection and transmit the results during this BN T . However, for the conciseness of presentation, we only describe the situation where B = 1 and B = 2 as follows. When B = 1, for the ith user, the received signal in the following jth time slot is
where g (1) li represents the slow fading channel between the leader and the ith user. The quantity n (1) li,j is the AWGN at the ith user with zero mean and variance σ 2 n . In the end of user cooperation phase, the ith user receives a total of 1 + N T signals, including the signal received in the source broadcasting phase. We rewrite the received signals of the ith user in the vector form as
where G (1) i,L is an N T × N T diagonal matrix with all the diagonal elements being g (1) li and all the off-diagonal elements equal to zero. The ith user then obtains its final detection of x using the ML criterion
For B = 2, we consider the case where the leader repeats the broadcasting in the third N T time slots. Assuming that the channel between the leader and the ith user during the second broadcasting is g (2) li , then the received signal in the (j +N T )th time slot can be expressed as
where the quantity n (2) li,j is the AWGN at the user with zero mean and variance σ With a similar derivation as in the case B = 1, the received signals at the ith user can be expressed as
i,L is an N T × N T diagonal matrix with all the diagonal elements being g (2) li and all the off-diagonal elements being zero. The ML criteria can then be applied and the users obtain the final detections.
Remark1: In the proposed cooperation scheme, the transmission of the detected data symbols is illustrated as timedivision-multiplexing (TDM). The transmission can also be frequency-division-multiplexing (FDM) or code-divisionmultiplexing (CDM). Regardless of the types of multiplex, the additional resource blocks are needed to avoid severe interference between the data streams inherent in the insufficient number of the users' antennas. These additional resource blocks imply additional spectrum use. However, in situations where the users are located in the geographical proximity, the ISM band is one of the options which reduce the extra resource cost.
Remark2: The final detection of the user is not limited to the ML criterion. Since the data streams are broadcasted by the leader continuously up to the the predefined number, the number of received signals is larger than the number of data streams. The data model can be equivalently converted to the conventional MIMO system. As a result, the linear or non-linear decoders in conventional MIMO systems can be possibly applied.
IV. SIMULATION RESULTS
In this section, we present the simulation results of the proposed cooperation scheme. For comparison, four noncooperation systems are also presented: a single-antenna user with ML detection, a four-antenna user with MMSE and a four-antenna user with ML detection and a single-antenna system with STC [4] . In the following simulations, we use an individual user's average SER as our performance metric. The SER is averaged over the N T = 4 data streams. We use QPSK in the simulations. The channel gains are realized as i.i.d. complex Gaussian random variables with zero mean and variance σ Figure 3 shows the leader's average SERs under different numbers of active cooperation users. The total number of the user is K = 100. As observed in Fig. 3 , with the increase of the number of active cooperation user L, the effective signal strength at the leader increases and thus reduces the average SER. However, we notice that when L continues to increase, the performance slightly degrades in the low SNR region. This phenomenon comes from the fact that in low SNR region, most users obtain incorrect initial detections after the source broadcasting phase. Particularly for the users having deep fade, their initial detections are very erroneously away from the correct data; the detection errors are large. If these users are selected and activated in the cooperation, their detection errors contributes more to the equivalent noise than to the effective signal. From eq. 8, we can see that if we have more active users, i.e., the larger the size of D j , the error accumulates more quickly and the equivalent noise is larger. As a result, the SER in the low SNR region slightly degrades. When the SNR increases, the detection error is smaller and thus the joint of these users makes contribution to the effective signal and provides performance improvements. We also notice that for the system to outperform the conventional 4x4 noncooperation systems, we need roughly 60 active users in the cooperation when K = 100. Figure 4 shows the leader's average SERs under different numbers of total users. The active cooperation user number is L = 30. As we can see from the figure, when the number of total user K doubles, the SER performance is improved by roughly 6 dB. With more users, the probability of having high channel gains is increased and thus the effective signal strength is enhanced. This implies that the cooperation can be more effective when there are more users in the cooperation group. To obtain the same transmission quality, fewer active users are needed when the total number of the user is large enough. For those non-active users, they do not spend extra power on current transmission and can switch to listen to the current symbol, which can improve its own final detection. Figure 5 shows the user's average SERs for different repetitions of leader's broadcasting in the cooperation phase. The dark lines represent user's average SERs under different B values. The red line is the leader's SER. We have totally K = 100 users and L = 60 active users in this simulation. As we can see from the figure, the increase of B provides diversity gain. Also, the user's average SER approaches the leader's SER as B increases.
From the simulations, we show that the proposed cooperative detection can outperform the non-cooperative systems with multiple receive antennas, when the cooperation size is moderately large with proper detection algorithms. We also observed the following properties. First, in our proposed scheme, the leader's SER is affected by the cooperation group size and the number of active users. Second, the leader's SER is the bound of the system performance. As a result, selection of a good leader or multiple leaders may be one of the possible options to enhance the system performance.
V. CONCLUSION
In this paper, we considered a data broadcasting MIMO system where the source is equipped with multiple transmit antennas and the users are equipped with only a single antenna. We considered a two-phase transmission structure for the users to cooperate and detect the spatial-multiplexed data streams from the source. In the first phase, the source broadcasts the data to all the users. In the second phase, we proposed to divide the user cooperation into two parts. In the first part, the active user transmits their initial detections to the leader. Then in the second part, the leader broadcasts its re-detection to all the other users. Simulation results show that the cooperation performance is affected by the size of cooperation group, the number of active users and the cooperation length. To be comparable to the conventional system whose number of receive antennas is equal to the number of transmit antennas, the extra resource blocks in time, frequency or code domain are adopted to accommodate the multiple data streams. One option to obtain the extra resource block is to use the ISM band. Related issues, including the selection of the leader and the active users, the detection algorithm for imperfect CSI, and the design of cooperation protocols are open for future studies.
